In this paper the results of dynamic NMR studies on ethylmethylamino-tertiary-butyl-phenylborane (EMABPB) with or without light are reported. The NMR data were recorded on a Bruker 400 MHz NMR equipped with our custom-made optical probe and with our custom-made 450 watts (W) monochromatic light sources. The molecular photochemistry including twisted intramolecular charge-transfer-excited-state (TICT) of the EMABPB in several solvents has been investigated. These results indicate that the aminoborane demonstrates multiple configurations in CD 3 Cl and CD 2 Cl 2 resulting in the shifts of the signals of the alkyl groups on the nitrogen and boron. This indicates that there are some time-dependent changes at constant temperature over the irradiation interval. At −60˚C and the presence of light (λ = 265 nm), we observed a large change in the populations of the two sites, and this by itself indicates a modification in the rotation around the boron nitrogen bond in the excited state. By considering the existence of the TICT state, many important energy technologies may be developed with higher efficiency by controlling the back-electron transfer processes.
Introduction
Dual fluorescence phenomenon of 4-N,N-dimethylaminobenzonitrile (DMABN) and some other compounds in polar solvents have been studied by different scientists over the past several decades [1] - [4] . Various mechan-I. Parchamazad et al. 403 isms have been suggested to account for this dual emission: normal fluorescence and an anomalous emission with longer wavelength than normal fluorescence. The more convincing theory was characterized by the existence of the highly polar emitting states in which the two donor and acceptor subsystems were mutually twisted by 90˚. These excited states received a name of Twisted-Intramolecular-Charge-Transfer-Excited States (TICT). If this rotation really happens, then after the electron transfer from donor to acceptor, the two excited wave functions will be orthogonal to one another. Therefore, the back electron transfer will be slower. This phenomenon can be used to considerably raise the efficiency of a solar cell, solar hydrogen and other types of solar energy storage and conversion.
This paper discusses the results of investigation in aminoborane model [5] to determine if there is any rotation around the N-B bond in the excited state which results in cis-trans isomerization. The interesting nature of the bonding in aminoboranes makes them a great candidate for an investigation of TICT emission phenomenon, as seen in Figure 1 . In the aminoborane structure, there exists primarily only one covalent bond which creates an electron deficiency on boron. The nitrogen atom shares its nonbonding electron with boron intra-molecularly [6] . The planar arrangement of the bonds in the aminoborane enables the nonbonding electron to participate as π-electrons in the partially double bond. This suggests that the highest occupied molecular orbital (HOMO) is the nitrogen π bond, and the π * orbital of boron should be the lowest unoccupied molecular orbital (LUMO). The aminoborane model has the advantage that the ΔG˚ of rotation around the B-N bond of some derivative is high enough that we can study dynamic NMR even at room temperature [7] .
Methodology
The previous publications have presented influential theoretical [8] and experimental proofs for the existence of twisted intramolecular charge transfer (TICT) excited state [9] [10] responsible for the long wavelength emission. However, an exciplex [11] has been suggested for this anomalous emission by other investigators. In this paper, we report a dynamic NMR approach to study the TICT emission. We studied several models such as dialkylamino-pyrimidine and aminoborane derivatives. In our previous investigation we used several dialkylamino pyrimidine derivatives including 4-(ethyl-methylamino) pyrimidine, 4-(isopropyl-methylamino) pyrimidine, and 4-(tert-butyl-methylamino) pyrimidine. In each case we studied their absorption and emission characteristics in different solvents. Their dynamic NMR spectra were recorded in polar solvents such as CDCl 3 , CD 2 Cl 2 , C 2 D 5 OD, and CH 3 CN, at temperatures as low as −100˚C. Because of delocalization of the nonbonding electrons of the amino group through the pyrimidine ring and the formation of a partially double bond between the amino group and the ring, we could observe a cis-and trans-isomers of the pyrimidine molecule in the ground state. For the two sites, the percentage of the different alkyl groups on the amino groups was determined for the two rotamers. Then, we irradiated each sample using uv (with λ = 285 nm and 309 nm) outside the NMR instrument at very low temperature, and the corresponding NMR measurements were performed at the same temperatures. We did not observe any difference for the relative populations of the two rotamers before and after irradiation [12] . These studies show that the lifetimes of the two sites may not be long enough to be observed in 400 MHz NMR in order to identify the above mentioned rotation in pyrimidine derivatives.
Several aminoboranes including ethylmethylamino-cholorphenylborane, and ethylmethylamino-tertiary-butylphenylborane were synthesized according to the procedures reported in previous papers [13] - [16] and purified by fractional distillation and preparative HPLC.
The basic synthesis was performed as follows in Scheme 1. To investigate the rotation around the B-N bond dynamic NMR was used in a 400 MHz Bruker NMR equipped with our custom made optical probe [17] . In Figure 2 , we utilized our custom-made light source, which is 450 watts and contains a high resolution monochromator. This monochromator can produce the appropriate wavelength in the range of 200 -900 nm. The light is relayed from the monochromator to the optical probe via a quartz optical fiber cable. This allowed us to irradiate the sample while it was in the magnetic field.
Results and Discussion
For the proton NMR study, a few drops of our sample was diluted with the chosen solvent (in this experiment either: CDCl 3 , CD 2 Cl 2 , or DMSO) and then a drop of tetramethylsilane (TMS) was added for a reference point. Proton NMR was carefully monitored before and after UV irradiation at 265 -300 nm. Irradiation intervals ranged from three minutes to one hour. A proton NMR was run the day following irradiation to examine changes to the sample that may have occurred overnight.
In the chloroform samples, proton NMR was run at room temperature, 300 nm and 270 nm light intervals, high temperature intervals, low temperature, and low temperature with irradiation. Deuterated methylene chloride samples were run at room temperature, at low temperature intervals, and at low temperature with irradiation intervals. DMSO samples were run at room temperature with and without irradiation and high temperature. No low temperature work could be done with DMSO because of its relatively high freezing point. In studies that were performed at low temperature, liquid nitrogen was utilized. To do this, a liquid nitrogen tank was placed next to the NMR and a hose was connected to the probe. A pressurized system created a flow of the liquid nitrogen through the tubes and into the probe where the sample was located. In this manner, we were able tomonitor the temperature of the sample. As we reached our target temperature we would electronically slow the flow so that we could maintain the temperature. During irradiation, the temperature remained constant. Our low temperature scale ranged from room temperature to −70˚C. Figure 3 is an overlay of multiple spectra at constant temperature and it shows our early irradiation results after irradiating the compound at 300 nm in deuterated chloroform. By monitoring the signal for tertiary butyl group on boron and irradiation at different intervals, we observed changes in the molecule from 1.10 -1.15 ppm. The original spectrum is in blue. The compound was irradiated for 3 minutes (green), 20 minutes (pink), 30 minutes (yellow), 60 minutes (orange), and 30 minutes after the light was turned off (red). The shifts in the spectra over the irradiation interval indicate that there are some time-dependent changes in the molecule. As can be seen from the previous spectra, this time-dependent movement is occurring in more than one area of the molecule. At this time, it has not yet been determined what this movement is exactly indicating. Figure 4 shows our early irradiation results after irradiating the compound at 300nm in chloroform. This figure is an overlay of multiple spectra. By monitoring the signal for methyl group on Nitrogen and irradiation at different intervals, we observed changes in the molecule from 2.43 -2.46 ppm. The original spectrum is in blue. The compound was irradiated for 3 minutes (green), 20 minutes (pink), 30 minutes (yellow), 60 minutes (orange), and 30 minutes after the light was turned off (red). The shifts in the spectra over the irradiation interval indicate that there are some time-dependent changes in the molecule. Figure 5 shows the proton NMR of the aminoborane molecule at room temperature in CDCl 3 before irradiation. This spectrum clearly shows two quartets. This clearly indicates the presence of two sites because of the rotation around the B-N bond. The ethyl group located on nitrogen experiences a different electronic environment by having the observed chemical shift. The t-butyl group located on boron has a chemical shift that causes it to shift closer to TMS, making it difficult to locate its exact position. However, it is somewhere in the 0 -1.5 ppm range. The other triplet from the CH 3 on the ethyl group on nitrogen is also located in this region; however its exact location is unknown. Impurities also exist in this region. Figure 6 shows the effects of temperature on the aminoborane in CD 2 Cl 2 as shown by Proton NMR. Temperatures shown are 20˚C, −10˚C, −40˚C and −70˚C. Usually in a compound we expect to see a dihedral angle of 0°, indicating a cis-orientation, and of 180˚, indicating a trans-orientation. However, the appearance of multiple quartets as well as the different intensities suggests that the molecule is possibly at a 90˚ angle or some other angle degrees. At low temperature the lifetime is longer and we are able to see the presence of the two other sites. Figure 7 shows the effects of low temperature and irradiation in CDCl 3 as shown by Proton NMR. The analysis of the NMR spectra at −60˚C with light is very interesting. At −60˚C and the presence of light (λ = 265 nm) we observe a large change in the population of the two sites and this by itself indicates a modification in the rotation around boron-nitrogen bond in the excited state. We can compare this figure to the spectra in Figure 6 , which shows aminoborane before irradiation at the following low temperatures: −10˚C, −40˚C, and −70˚C.
In the spectrum shown in Figure 8 , we can see that by solvent effects the nonbonding electrons of DMSO migrates onto boron, and therefore boron cannot accept the electron from nitrogen. This prevents the observation of the two distinct alkyl groups on the nitrogen and allows for the presence of only one usual site. The irradiation this DMSO solution exhibits a complex unidentified NMR spectra.
Conclusion
As we observed in the NMR spectra 3 -7, aminoborane was the best candidate because the ΔG ** of activation for the rotation around the B-N bond was high enough to clearly see separate signals for each alkyl group on boron and nitrogen for the two sites at room temperature. For instance, the two quartets, seen in Figure 4 , show that the different chemical shifts are related to the two different sites. We observed that if we go to even a lower temperature where the lifetime of the two sites will be appropriately longer, then we can read the differences of populations of the signals for the two sites by integration of NMR signals before and after irradiation of the mo- lecule inside the magnetic field. When the temperature was low, we saw a considerable difference between the population of the two sites before and after irradiation. This clearly showed that we would have had a rotation around the B-N bond in the excited state. As we experimentally observed electron transfer from nitrogen to boron and a twist around the B-N chemical bond, we can control the back electron transfer by using a model such as aminoborane, which helps the conversion of light to electricity or fuel. 
